Wastewater treatment is an energy-intensive operation. Energy consumption is forecast 13 to increase by 60% in the forthcoming decade due to tightened legislation surrounding the 14 discharge of final effluent to watercourses. Treatment plants rely on the time-consuming and 15 unreliable biochemical oxygen demand to assess the quality of final effluent, leading to 16 process inefficiencies. Here, we show that fluorescence spectroscopy is a robust technique for 17 real-time monitoring of changes in effluent quality. We installed three portable fluorimeters 18 for 1 month at the final effluent discharge point of a large municipal wastewater treatment 19 plant. We show that organic matter composition of the wastewater varies diurnally depending 20 on the flow rate and antecedent rainfall. High fluorescence intensity and ammonia are 21 attributed to sewage sludge liquor, which is regularly discharged to the treatment plant. 22
Introduction 29
The most significant energy usage in wastewater treatment plants (WwTPs) arises from 30 the vigorous aeration of settled sewage in the activated sludge process (ASP, an aerobic 31 system involving entrainment of air for microbial degradation of organic matter -OM). This 32 process contributes to over 55% of the energy budget associated with wastewater treatment 33 monitoring study on two water recycling sites. Using a single-wavelength fluorescence 50 sensor, they were able to prove the robustness of the technique in detecting reverse osmosis 51 membrane fouling and integrity. Moreover, Singh et al. (2015) showed that the sensor was 52 sufficiently sensitive to identify underperformance issues. Real-time monitoring of treated 53
wastewater at WwTPs has been hampered by numerous factors that can interfere with the 54 fluorescence signal: fouling, pH, inner filter effects, temperature and metal ion presence 55 (Henderson et al. 2009; Reynolds 2002 ). To counteract these issues, regular, time consuming 56 cleaning of contact surfaces or subsequent data corrections are recommended. 57
Here, we report the first in-situ and on-line monitoring of treated wastewater, using 58 three fluorescence portable devices, to test the robustness of the technique and the hypothesis 59 that we can obtain valuable results from a 1-month monitoring experiment without major 60 device cleaning or subsequent data correction. In addition, a laboratory scale activated sludge 61 system was constructed to establish, before the in-situ experiment, the relationship between 62 fluorescence and BOD. 63
Methodology 64
The real-time experiment was undertaken for 29 days, from the 10 th of August until the7 fluorescence intensity at the excitation / emission wavelengths of 285 nm / 350 ± 55 nm, with 150 a limit detection range of 3 ppb to 5,000 ppb tryptophan standard. EXO1 sonde houses three 151 sensors: fDOM (fluorescence dissolved OM), conductivity/temperature and pH. The fDOM 152 sensor records at 365 ± 5 / 480 ± 4 nm (excitation / emission wavelength pair). The detection 153 range is 0 ppb -300 ppb quinine sulphate units. DuoFluor is capable of detecting fluorescence 154 in real time at 280/350 nm (Peak T) with minimum limit of detection 1.5 ppb of L-tryptophan 155 and at 330/425 nm (Peak C) with minimum limit of detection 1.5 ppb of quinine sulphate. The 156 linearity between the portable devices and a benchtop spectrofluorimeter (Varian Cary 157
Eclipse) was checked with a series of dilutions of L-tryptophan and quinine sulphate 158 standards (Fig. S3 ). L-tryptophan solutions were varied between 50 ppb and 250 ppb, while 159 quinine sulphate was prepared in concentrations of 10 ppb to 700 ppb. The linearity of the 160 EXO1 was checked up to 400 ppb of quinine sulphate, as recommended by the manufacturer. 161 R 2 values exceeded 0.98 for all instruments. 162
Excitation-emission matrices were produced using the benchtop spectrofluorimeter: by 163 scanning excitation wavelengths from 200 to 400 nm in 5 nm steps, and detecting the emitted 164 fluorescence in 2 nm steps between 280 and 500 nm. Excitation and emission slit widths were 165 set to 5 nm. Instrument stability was checked by recording the Raman values (at excitation 166 wavelength 348 nm and emission wavelength 395 nm) before each set of measurements. The 167 average Raman value was 9.94 a.u. with a standard deviation of 0.24. The fluorescence peaks 168 were extracted using the peak-picking method, in accordance with previous studies (Coble et 169 al. 2014 ).
parameters, indicating effective treatment of the wastewater. BOD 5 was measured based on 175 the standard method for wastewater testing using a HQ40d portable meter (Hach) with an 176
IntelliCAL LBOD101 LDO probe. The accuracy of the BOD 5 measurements was checked 177 using a 300 mg/L glucose-glutamic acid standard, and a coefficient of variation of 3.6 % was 178 observed. COD and nitrate were measured using a DR890 Hach colorimeter, following 179 standard procedures: viz. Reactor Digestion Method (USEPA) for COD, and Chromophoric 180
Acid Method (high range, Test 'N Tube) for water and wastewater for nitrate. Turbidity was 181 recorded using a Hach 2100N turbidimeter. TOC measurements were undertaken using a 182
Shimadzu TOC-Vcpn analyser, using the non-purgeable organic carbon determination 183 method. 184
Results and discussion 185

Laboratory scale ASP 186
Before the in-situ study, a laboratory-based experiment was undertaken replicating the 187 ASP to establish the relationship with BOD and to determine the potential of using Peaks T and C displayed a diurnal variation with a cycle of approximately 12 h, the 272 highest intensity being recorded around midnight and the lowest intensity at noon (Fig. 2) . 273
During dry weather days, peak T displayed a decrease in fluorescence intensity of < 9 % forthe Cyclops 7 and 16 % for the DuoFluor between midnight and noon, while peak C 275 decreased by < 10 % for the EXO1 sensor and 17 % for the DuoFluor over the same period. 276
The diurnal variation in fluorescence intensity was consistent with the changes in effluent 277 flow rate, conductivity and pH (Fig. S4 (B) and (C), and Fig. S5 ). However, fluorescence 278 intensity was not directly proportional to the degree of increase in flow rate. The effluent flow 279 rate presented 2 peaks, every day, of almost equal intensity (Fig. S5) . We also observed two 280 peaks in the fluorescence data; the first peak being recorded at midnight and the second peak 281 at approximately 2 pm (Fig. 3) . This 2 pm peak was substantially lower in intensity compared 282 with the midnight peak, although high flow rate was recorded. It is concluded that these 283 midnight and 2 pm peaks correspond to intensive household water use during the mornings 284 and evenings. Considering the total wastewater retention time within the WwTP from inlet to 285 discharge point (12-16h) and the additional retention time in the sewerage network from 286 household to the WwTP, it is believed that the high values of peaks T and C observed at 287 midnight correspond to the previous day morning high wastewater input, while the 2 pm peak 288 represents the previous evening water usage. 289 Several rainfall periods, of different intensity and duration, were recorded during the 290 real-time experiment (Table 1) . We divided the precipitation days into 4 events: event I -13 believed that the amount and frequency of precipitation affects most of the measured water 296 quality parameters, depending on the catchment and sewerage system. Rain events were seen 297 to trigger high ammonia and iron values (Table 2) . Precipitation also increased the 298 concentration of total phosphorus; the highest value being recorded during or after the firstday of the rain event. Conductivity and pH decreased after each rain event, depending on the 300 intensity of the event (Fig. S4 ). Conductivity showed a significant decrease after events I and 301 IV, while pH was the parameter least affected by precipitation. 302 A decrease in fluorescence intensity was observed one day after the beginning of each 303 precipitation event (Fig. 2) . Precipitation events I and IV generated the greatest decrease in 304 Peak C (32 % & 42 % respectively) measured using the EXO1. Cyclops 7 recorded Peak T 305 reductions of 25 % (event I) and 28 % (event IV). DuoFluor measured a 26 % decrease in 306 peak C and 25 % in peak T following event I. The full impact of event IV was not assessed 307 with the DuoFluor due to data loss following a power outage at the WwTP. However, the 308 same effect is observed on peaks T and C after the other rain events. Overall, the decrease in rainfall-generated decrease in fluorescence intensity is anticipated. 317
In addition to the daily variation and impact from precipitation, two data anomalies 318 were identified on the 24 th of August and 3 rd of September, both immediately after midnight 319 (Fig. 2-circled with red) . These anomalies are most evident from the EXO1 sensor data. The 320 data are higher than the normal daily variation, with or without precipitation, and may be 321 associated with changes in influent quality or treatment processes. The first anomaly is 322 explained by the release of liquor from the sewage sludge facility on the 24 th of August atresulting in elevated concentrations of ammonia in the effluent. Unusually high ammonia was 325 recorded at the same time as the high fluorescence intensity (Fig. S5) The second anomaly (Fig. 2) is a result of the power issues that occurred at the WwTP. Graph provided by the WwTP. 
